This study evaluates the current situation regarding PBDE and HBCD levels in different river fish species. We collected published data in the last five years in different countries around the world. These levels of pollution were compared with Environmental Quality Standards (EQS) for biota established by the European Directive in the field of water policy. Although HBCD situation is not critical, with only some values exceeding the limit about 5 times, the PBDE levels clearly exceeded the established EQS, with 25% of fish samples exceeding up to ten thousand times. Although it is expected that levels of pollution by PBDEs will decrease over the next years due to the ban in their use, it is not expected that this decrease will reach the EQS values by the end of 2021, as demanded by the European Directive. Hence, it is necessary to implement new strategies in order to minimize the impact of PBDEs on the environment.
Introduction
Flame retardants (FRs) are a group of compounds which are added or applied to materials (plastics, furniture, vehicles, electronic devices …) to increase their fire resistance. One of the most widely used FRs were polybromodiphenyl ethers (PBDEs), which are typically produced at three different degrees of bromination, i.e., Penta-BDE, Octa-BDE, and Deca-BDE commercial mixtures. These compounds have a high lipophilicity (log K ow 5.98-9.97) and therefore they can be bioaccumulated and biomagnified along the food chain (Eljarrat et al., 2007; Barón et al., 2014 Barón et al., , 2015a . Moreover, several toxic properties have been reported for PBDEs: they can act as endocrine disruptors and affect neurological, thyroid and liver activity (Hana et al., 2004; Lee et al., 2010) .
Due to its presence in the environment and its proved toxicity, Penta-and Octa-BDE commercial mixtures have been banned in the European Union (EU) and in some states of the USA from 2004 (La Guardia et al., 2006) , and also banned in Canada from 2006. In 2009, they were designated as new persistent organic pollutants (POPs) and the Stockholm Convention decided to add the commercial mixtures with four, five, six and seven bromines to the Annex A, to end their production and use (UNEP, 2015) . As regards the Deca-BDE commercial mixture, only in the EU was their use strictly prohibited in 2008: Deca-BDE can no longer be used in electronics and electrical applications, but a maximum concentration value of 0.1% of total PBDEs by mass in homogeneous materials shall be tolerated (ECD, 2009; Kemmlein et al., 2009) . For the US and Canadian markets, companies decided to phase out voluntarily the production, import and sale of Deca-BDE by the end of 2012 (BSEF, 2012) . However, in Asia, the use of Deca-BDE is not under any regulatory restrictions (BSEF, 2009) .
Hexabromocyclododecane (HBCD) is another widely applied brominated FR, mainly used in thermal insulation building materials, upholstery textiles, and electronics as a flame retardant. The technical product consists of several isomers, the most abundant ones being α-, β-and γ-HBCD. While γ-HBCD dominates the technical product, α-HBCD accumulates mainly in the food chain (Morris et al., 2004; Covaci et al., 2006) . The physical-chemical properties of HBCD are similar to some PBDEs (log K ow 5.6) and therefore it can be found in wildlife (Guerra et al., 2012) and in humans (Eljarrat et al., 2009 ). Some studies indicate a possible role of HBCD as an endocrine disruptor (Palace et al., 2008) .
HBCD has recently been listed as a POP, and the Stockholm Convention decided to add it under Annex A, legislating its manufacture and formulation. However, under specific circumstances (i.e., their use is allowed for expanded polystyrene and extruded polystyrene in buildings), HBCD may still be used until 2024.
On the other hand, chemical pollution of surface water poses a threat to the aquatic environment, with effects such as acute and chronic toxicity in aquatic organisms, accumulation of pollutants in the ecosystem and loss of habitats and biodiversity, and also poses a threat to human health. The Directive 2013/39/EU of the European parliament as regards priority substances in the field of water policy (European Commission, 2013) lays down a strategy against the pollution of water. That strategy involves the identification of priority substances amongst those that pose a significant risk to, or via, the aquatic environment at Union level. Moreover, this Directive established Environmental Quality Standards (EQS) in biota for some pollutants, such as PBDEs and HBCD.
A considerable number of studies reporting PBDE levels in river fish samples worldwide have been undertaken since Andersson and Blomkvist (1981) first indicated that these compounds were present in fish samples collected from Viskan River basin (Sweden) where a number of textile industrial companies. Despite its ban, and due to its persistent nature, PBDEs continue to be detected in practically all analysed samples showing their ubiquity in river environments. Law et al. (2008) reviewed PBDE and HBCD concentrations in a variety of matrices including fish. Typical concentrations for European freshwater fish are from the hundreds of pg/g wet weight (ww) to 700 and 150 ng/ g ww for PBDEs and HBCD, respectively. For PBDEs, these values are well above the established EQS, whereas for HBCD, the values fall within the established EQS. However, it is to be expected that biota levels have declined in recent years. The objective of this study was to review and collect all available and published data (last 5 years) in European river basins, as well as in other places around the world, and to assess whether the established EQS are being met at present.
Directive 2013/39/EU in the field of water policy
The Water Framework Directive 2000/60/EC of the European Parliament (European Commission, 2000) introduced a legal framework to protect and restore the water environment across Europe. It establishes rules to halt deterioration in the status of water bodies, including rivers, lakes and groundwater. Scientific, environmental and socio-economic factors, including human health considerations, have been taken into account in developing a cost-effective and proportionate policy on the prevention and control of chemical pollution of waters. That strategy involved the identification of priority substances amongst those that pose a significant risk to the aquatic environment. On 20 November 2001, the list of priority substances was established setting the first list of 33 substances or groups of substances that were prioritised at Union level. This list already included PBDEs. Later, it was concluded that it was appropriate to amend the list of priority substances by identifying new substances. The list of priority substances was recently revised under the Directive 2013/39/EU (European Commission, 2013), including 45 substances (or groups of substances) among which the HBCD is already included.
Moreover, the Directive 2008/105/EU, which entered into force in January 2009, has defined EQSs for priority substances in water. However, scientific knowledge about the fate and effects of pollutants in water has evolved significantly over recent years. More is known about which compartment of the aquatic environment (water, sediment or biota) a substance is likely to be found in, and therefore where its concentration is most likely to be measurable. Some very hydrophobic substances, such as PBDEs and HBCD, accumulate in biota and are hardly detectable in water even using the most advanced analytical techniques. For such substances, EQS should be set for biota. For that reason, the Directive 2008/105/EU, established EQS values for biota for a number of chemical pollutants (mercury, hexachlorobenzene and hexachlorobutadiene), below which no harmful effects are expected to wildlife, or humans. The EQS are set for prey tissue with member states being able to choose "the most appropriate indicator from among fish, molluscs, crustaceans and other biota". The Directive 2013/39/EU (European Commission, 2013) includes biota standards for a further eight chemicals in addition to the previous three and also states that, unless specified, the standards should be for fish rather than the more generic "prey". PBDEs and HBCD are examples of this group of chemicals for which biota standards are now proposed. For PBDEs, biota EQS was set at 0.0085 ng/g ww, and refers to the sum of the concentrations of congener numbers 28, 47, 99, 100, 153 and 154. For HBCD, biota EQS was set at 167 ng/g ww. These EQS should be taken into account for the first time in river basin management plans covering the period 2015-2021, and should be met by the end of 2021.
It is well known that POPs can be found for decades in the aquatic environment at levels posing a significant risk, even if extensive measures to reduce or eliminate emissions of such substances have already been taken. That because, additional measures to those already taken, including at international level must be promote to reduce or eliminate discharges, emissions and losses of those substances so as to achieve the established EQS.
Data collection
Given the ban on the production and use of PBDEs and HBCD, it is to be expected that their environmental levels will decline over the years. Therefore, in order to evaluate the current situation, the literature search has been restricted to the last 5 years (2012-2017) (publication year). On the other hand, and taking into account that biota EQS were established on a European directive, the search has focused on studies carried out in Europe, but also in other areas of the world in order to compare the situation in different continents.
It should be pointed out that PBDE and HBCD data are generally expressed as concentrations in lipid weight basis. However, EQS in biota are expressed in wet weight basis. That because, all collected data must be transformed from lipid weight (lw) to ww basis. However, not always the necessary information to perform this transformation was available. Taking into account that fish lipid content varies according to species, age, season and location, two different approaches were made defining two scenarios: the best scenario, in which fish lipid content was established at 0.5% ww; and the worst scenario, in which fish lipid content was set at 20% ww (Geyer et al., 1994) . Table 1 shows a summary of published works with PBDE and HBCD levels in fish samples collected around the world. As can be seen, we found 13 published papers dealing with PBDE data in 15 different European countries (Belgium, Bosnia and Herzegovina, Croatia, Czech Republic, France, Germany, Greece, Italy, Latvia, Poland, Serbia, Slovenia, Spain, The Netherlands and UK), as well as 7 works in North America, 8 papers in Asia (China and Korea) and 2 works in Africa (South Africa and Tanzania). Finally, one study in a remote area (Antarctica) has been also published. The European studies analysed fish samples collected between 2007 and 2015, with the exception of one work based on samples collected between 2000 and 2009. Similar ranges of years are evaluated in the works carried out in North America (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and Asia (2009 Asia ( -2014 . As regards the fish samples, a great variety of species are studied, among which the most common are carps, trout and European eels.
Within the reported data expressed in ww basis, PBDE concentration levels in European fish ranged between <LOD and 93 ng/g ww. However, if we include also data obtained within the worst scenario approach, the range is extended up to 353 ng/g ww. In any case, and with the exception of few samples in which PBDEs have not been detected, all the rest of samples clearly exceeded the European EQS (0.0085 ng/g ww). Higher contamination was found in Asia and North America studies, with concentration levels ranging between 0.03-1726 and 0.075-4806 ng/g ww, respectively. And lower levels were reported in Africa, with PBDE concentrations up to 6.60 ng/g ww. However, even the lowest levels found in Africa clearly exceeded the European EQS value.
In spite of the numerous studies carried out for the determination of PBDE levels in river fish, studies corresponding to HBCD are less abundant. We found 8 studies reporting HBCD data in 10 different European countries (Belgium, Czech Republic, Denmark, France, Germany, Italy, Poland, Sweden, The Netherlands and UK), as well as one work in North America, 5 papers in Asia (China and Korea) and 2 
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(continued on next page) E. Eljarrat, D. Barceló Environmental Research 160 (2018) 203-211 works in Africa (South Africa and Tanzania). The ranges of years evaluated are similar to those of PBDE papers, between 2007 and 2013. As regards the fish samples, a great variety of species are also studied, among which the most common are carps and breams. HBCD concentration levels in European fish ranged between 0.02 and 751 ng/g ww, being somewhat higher than those found for PBDEs. However, although HBCD levels are higher, since the European EQS established for HBCD is rather orders of magnitude higher than that of PBDEs, only a part of the European fish samples exceeded the HBCD EQS. Moreover, and unlike for PBDEs, HBCD levels in North America (<LOD -24.4 ng/g lw) and Asia (<LOD -240) are lower than those found in Europe. Lower levels were also reported in Africa, with HBCD concentrations up to 2.80 ng/g ww.
Discussion
Despite the ban of PBDEs in Europe since 2004, these pollutants are still present in virtually all European river fish. With the exception of few samples in which PBDEs have not been detected, all the rest of fish samples clearly exceeded the European EQS. The same situation was observed in other parts of the world, such as North America, Asia and Africa. Even PBDE levels found in a study carried out with Antarctic fish, exceeded the European EQS.
Once observed that the usual PBDE levels in fish exceeded the EQS value, it is important to know the extent to which this excess occurs. We found reported PBDE data in European fish exceeding a hundred times the EQS (0.85 ng/g ww) in 5 out of 16 studies, exceeding a thousand times the EQS (8.5 ng/g ww) in 7 out of 16 studies, and exceeding ten thousand times the EQS (85 ng/g ww) in 5 out of 16 studies. Similar percentages were observed for Asia, but the situation is more critical in the case of North America where in 6 out of 7 studies, PBDE levels exceeded ten thousand times the EQS value.
As regards HBCD, the situation is not so critical. Only some studies reported HBCD levels exceeding the European EQS: in two European works (Rüdel et al., 2012; Malarvannan et al., 2015) and in one Chinese study (Tang et al., 2015) range of concentration reaches values up to 751 ng/g ww, exceeding the limit about 5 times.
In order to better assess the degree of non-compliance, it is necessary to have individual data of each fish sample analysed. However, this information is not always available in published papers, in which we basically find the concentration ranges. From the total of studies presented in Table 1 , we have been able to compile the information of levels of PBDEs in each fish studied for 8 published papers, 5 studies carried out in Europe (Sühring et al., 2013; Santín et al., 2013; Malarvannan et al., 2015; Luigi et al., 2015; and Giulivo et al., 2017) and in three more in North America (Nilsen et al., 2014; Batt et al., 2017; and Guo et al., 2017) . Likewise, we did not take into account the total value of PBDEs, but only the sum of PBDE congeners 28, 47, 99, 100, 153 and 154, as established by the European Directive. For these 8 studies, we have calculated the percentage of samples that presented values higher than EQS (0.0085 ng/g ww), than ten times the EQS (0.085 ng/g ww), than a hundred times the EQS (0.85 ng/g ww), than a thousand times the EQS (8.5 ng/g ww) and up to ten thousand times the EQS (85 ng/g ww) (Fig. 1) .
In Europe, and taking into account the best scenario, between 73% and 100% of analysed fish exceeded the EU EQS biota value. But, the sum of six PBDEs were several orders of magnitude higher than the biota EQS: between 50% and 100% of fish levels were above 10 times the EQS value, between 4% and 96% above 100 times the EQS value, between 0% and 62% above 1000 times the EQS value, and between 0% and 4% above 10,000 times the EQS. Considering the worst scenario, these percentages increase up to 25% of fish samples exceeding the EQS up to 10,000 times. Similar situation was observed in North America, with up to 30% of fish samples exceeding the EQS up to 10,000 times.
The European directive established that, with the aim of achieving good surface water chemical status, the EQS for substances such as PBDEs should be met by the end of 2027. Restrictions in the use of PBDEs are a Studies in which the transformation from lw to ww was not possible. Two scenarios were established: the top row corresponds to the best scenario (fish lipid content of 0.5% ww), and the bottom row corresponds to the worst scenario (fish lipid content of 20% ww).
E. Eljarrat, D. Barceló Environmental Research 160 (2018) 203-211 beginning to yield declines in concentration in environmental samples (Law et al., 2014; Barón et al., 2015b) . But in the case of POPs, their ban does not solve the environmental problem in the short or medium term. For instance, a study in the Lake Ontario (Canada) showed that since 1997, penta-BDE levels have declined at an annual rate of 4.5% (ECC Canada). If we take into account an annual decrease of 5%, after 10 years, samples actually with levels higher than 100 times the EQS (up to 96%), will present concentrations about 0.40 ng/g ww, being still 50 times above the value established by the European directive. Thus, it will take several decades to reach levels of pollution recommended by the legislation. It should be noted that EQS value developed for biota monitoring under the WFD is criticized by some authors (Jürgens et al., 2013) . It is worth noting that the EQS value for PBDEs was calculated to protect human consumers based on observed effects of only one congener (BDE-99) on rats and including very large safety factors (European Commission, 2011) . Indeed, in developing the proposed PBDE EQSs the authors of the dossier on PBDEs thought that 44.4 ng/g ww for the sum of 6 BDEs is sufficient to protect wildlife predators. Hence the current EQS for PBDEs seems to be controversial and it should be revised as soon as new toxicological data will be available. In any case, the alternative EQS value of 44.4 ng/g ww would improve the situation, but we would still be with a large number of studies with levels above this new EQS value, both in Europe and in the rest of the world (see Table 1 ). Remember that considering the worst scenario, up to 25% and 30% of fish samples exceeded the EQS up to 10,000 times (85 ng/g ww) in Europe and North America, respectively. This means that, at least these same percentages of samples would be those exceeding the alternative EQS value set at 44.4 ng/g ww.
It is therefore evident that further actions are needed in order to achieve the good surface water chemical status (with regard to PBDEs) by the end of 2027. Precisely this is already proposed by the European directive: "taking measures additional to those already taken, including at international level, to reduce or eliminate discharges, emissions and losses of those substances so as to achieve the objectives". In this sense, and taking into account that there is already a ban on the production and use of PBDEs at international scale through the Stockholm Convention, it is necessary to carry out new strategies. It is essential and necessary to identify and evaluate the current sources of PBDE pollution. Although there should be no primary sources due to its ban, we may be facing secondary sources of pollution. This is the case of large existing stores of banned PBDEs in consumer products. PBDE congeners will continue to be released into the environment during the use, disposal and recycling of existing fire retardant containing goods. This is a similar situation to PCB contamination. While manufacture of PCBs has reportedly ceased, the potential or actual release of PCBs into the environment has not, since significant quantities of existing PCBs continue in use or in storage. Electrical transformers and capacitors are one such major source of PCBs. Within the policy framework set out in the Stockholm Convention, an exception is made to allow continued use of such equipment until 2025. Recommendations have been published aimed to provide practical safe management, reclassification and elimination of contaminated equipment (UNEP, 2002) . Moreover, the final steps of the decontamination process may involve the generation of hazardous residues that must be treated in accordance with the regulations on trans-boundary movements of hazardous waste.
In the same way, whereas disposal operations that would allow for the potential recovery, recycling or reuse of the POPs content of the waste have been strictly prohibited, an exemption allowing for recycling of articles that contain PBDEs and the use and final disposal of articles manufactured from recycled materials that contain PBDEs has been established until 2030. Recycling of articles containing PBDEs inevitably increases releases of these pollutants which can result in environmental and health risks. A considerable fraction of PBDEs containing waste is recycled, with little information about the fate during recycling. It is important to consider here the problem related to discarded electronic products, also called e-waste. The amounts of e-waste have increased exponentially during the last years, and the quantity produced globally is expected to increase up to 50 million metric tons in 2018 (Baldé et al., 2014) . In many countries, handling and disposal of ewaste is unregulated. In 2014, only about 15% of global e-waste was recycled with the highest standards (Baldé et al., 2014) . Moreover, the recycling process of plastic from e-waste containing PBDEs is largely uncontrolled and is found in many recycled products, such as children toys, household goods, video tape casings and electronics. Thus, it is necessary to develop recommendations for waste management to ensure the minimum environmental impact, and to identify the best available techniques and best environmental practices for the recycling of articles containing PBDEs.
In addition to recycling, there are other PBDE waste treatment methods such as landfill and especially incineration. Recently, Redfern et al. (2017) found that combustion sources and illegal open burning of e-waste globally emit 6.75 PBDE tonnes per year, being important PBDE emitters. The effectiveness of reducing PBDE emissions will be delayed if mitigation of PBDE emissions from combustion sources is ignored. That because control of PBDE emissions from combustion sources should be implemented.
Finally, due to the ongoing restrictions on PBDEs, there has been a shift in the use of alternative FRs. Attention must also be paid to the occurrence and time trends of these new pollutants in river sediments and fish samples. There are already some studies with levels of some emerging FRs in European river fish. For instance, Santín et al. (2013) reported concentration levels of decabromodiphenylethane (DBDPE), the substitute of Deca-BDE, up to 26 ng/g ww, and of Dechlorane 602, a chlorinated FR, up to 35 ng/g ww. On the other hand, Giulivo et al. (2017) analysed different organophosphate FRs, and detected values up to 130 ng/g ww. It is clear that more studies on the occurrence and behaviour of these emerging pollutants, and especially with regard to their toxicity, are strongly recommended. Moreover, it is to be expected that these levels will increase in future years. Therefore, within a few years we may stay in a similar situation to the current one with PBDEs, in which, in spite of its ban at international scale, the pollution levels are and will be for decades an environmental problem.
In this sense, and taking into account the need to protect materials against potential fires to avoid property damage and loss of life, it would be advisable for the industry to develop flame retardants that do not cause an environmental impact. Moreover, a committee of experts of the Stockholm Convention proposes alternatives such as changes in product design, industrial processes and other practices that do not require the use of any flame retardant. For example, electronic products can be redesigned to separate the high voltage parts from the outer covers, or protected with metal instead of plastic. Fire resistance construction techniques can eliminate the need to use flame retardant chemicals in the insulation material, replacing it with alternative materials such as fibers. In this way, it would be possible to reduce the consumption of flame retardants thus reducing their environmental impact.
